Photoneutron cross sections were measured for five stable Nd isotopes, 143,144,145,146,148 Nd, near neutron threshold with highly monochromatic laser-Compton scattering γ rays. The photoneutron data were compared with the calculations performed with the TALYS reaction code with inputs of the Skyrme Hartree-Fock-Bogoliubov (HFB) plus quasi-particle random phase approximation (QRPA) model and the axially symmetric deformed Gogny HFB plus QRPA model of E1 γ -ray strength. Using the γ -ray strength function constrained by the present photoneutron data, a thorough analysis of the reverse (n,γ ) cross sections is made. Radiative neutron capture cross sections for an s-process branching-point nucleus in the rare earth region, 147 Nd with the half-life 10.98 d, are deduced with the γ -ray strength function method. The impact of the newly evaluated 147 Nd(n,γ ) 148 Nd cross section on s-process nucleosynthesis is discussed.
I. INTRODUCTION
Radiative neutron capture on nuclei along the line of β stability in the medium-to heavy-mass region of the chart of nuclei is an important issue in nuclear astrophysics and nuclear engineering. In nuclear astrophysics, the cross sections are important to determine the s-process path at branching points where neutron capture and β decay compete [1] . The neutron capture data are also of essential importance for nuclear transmutation of long-lived fission products known as nuclear waste in the field of nuclear engineering [2] . Following the preceding paper for samarium isotopes [3] , this paper for neodymium isotopes constitutes the second part of our investigations in the rare earth region.
Although experimental data of radiative neutron capture cross sections for stable nuclei are well documented [4] , those for radioactive nuclei are scarce due to the difficulty of direct measurements that requires both an intense neutron beam and radioactive samples. While some of radioactive nuclei with half-lives (T 1/2 ) of the order of years have become objectives for direct measurements, for example, 151 Sm (T 1/2 = 90 yr) [5, 6] and 63 Ni (T 1/2 = 100 yr) [7] at CERN/n-TOF, 147 Pm (T 1/2 = 2.62 yr) at Karlsruhe [8] , 244 Cm (T 1/2 = 18.1 yr) [9] at J-Parc (Tokai), and 173 Lu (T 1/2 = 1.73 yr) [10] in progress at LANSCE (Los Alamos), those with T 1/2 of the order of days and shorter are far beyond the experimental scope at present.
The well-established γ -ray strength function (γ SF) method can be used for constraining the (n,γ ) cross sections for radioactive nuclei [11, 12] . Relying on the Brink hypothesis [13] linking the photo-deexcitation process to photoabsorption, the method determines the γ SF which commonly quantifies radiative neutron capture and photoneutron cross sections. The (n,γ ) cross section is governed by primary γ transitions from a neutron capture state at the excitation energy E to all possible nuclear states below the neutron threshold. Thus, the γ SF at γ -ray energies ε γ below the neutron separation energy (S n ) and the nuclear level density at the final state (E − ε γ ) play an essential role in this capture reaction [14] . Photoneutron cross sections provide a stringent experimental constraint in absolute scale on the γ SF around S n . When auxiliary (γ,γ ) and particle-γ coincidence data that help to construct the γ SF below S n are unavailable, the method requires a systematic measurement of photoneutron cross sections for neighboring stable isotopes of the radioactive nucleus of interest, in addition to existing (n,γ ) data that serve as experimental constraints on the γ SF below S n . Thus, a unified understanding of (n,γ ) and (γ,n) cross sections throughout an isotopic chain offers detailed information on the γ SF for a given nucleus formed by neutron capture on the radioactive nucleus. Such a systematic approach with the γ SF method has been applied to zirconium [15] , tin [16] , and molybdenum [17] isotopes.
FIG. 1. (Color online)
The chart of nuclei depicting our systematic analysis of (γ,n) and (n,γ ) cross sections for Nd isotopes in the context of the γ -ray strength function method. Photoneutron cross sections measured in the present experiment are shown by leftpointing arrows. Radiative neutron capture cross sections discussed in the present systematic analysis are shown by right-pointing arrows. Photoneutron cross sections for the radioactive nucleus 147 Nd are deduced with the γ -ray strength function method. Figure 1 depicts photoneutron emission (←) and radiative neutron capture (→) on Nd isotopes of interest in the present paper. We measured photoneutron cross sections for five neodymium isotopes, [143] [144] [145] [146] 148 Nd. Combining the present (γ,n) data with existing (n,γ ) data for six Nd isotopes, 142-146,148 Nd, we determine 147 Nd(n,γ ) cross sections with the γ SF method. The present systematic measurement included two odd-A nuclei, 143 Nd and 145 Nd, for which photoneutron cross sections are presented near the neutron threshold for the first time.
In this paper, we present radiative neutron capture cross sections for 147 Nd with T 1/2 = 10.98 d, an s-process branchingpoint nucleus located in the rare earth region [1, 18] . Its β decay leads to the subsequent branchings at 147,148 Pm [8] , which in turn affect the s-process production ratio of 147 Sm to 148 Sm. We discuss a possible impact of the new cross section for 147 Nd on the abundance ratio of 148 Nd to the s-only nucleus 148 Sm in asymptotic giant branch (AGB) stars.
The outline of the paper is given as follows. A description of the experimental procedure and the data reduction is limited to a minimum in Sec. II, yielding a detailed description to the preceding paper [3] . The theoretical analysis of the photoneutron cross sections is given in Sec. III. The radiative neutron cross sections are analyzed in Sec. IV. The 147 Nd(n,γ ) 148 Nd cross section is determined with the γ SF method in Sec. V, followed by a possible impact of the cross section on the s-process nucleosynthesis in Sec. VI. Finally, conclusions are drawn in Sec. VII.
II. EXPERIMENT
The experiment was performed at the experimental hutch GACKO (Gamma Collaboration Hutch of Konan University) of the γ -ray beamline BL01 of the NewSUBARU synchrotron radiation facility [19] . In the BL01, energy-tunable and highly monochromatic γ -ray beams [20] are produced through inverse Compton scattering between Nd : YVO 4 laser photons (λ = 1064 nm) and relativistic electrons in the NewSUBARU storage ring. Fine pencil-like beams of the laser Compton scattering (LCS) γ rays were produced and measured with a 3.5 × 4.0 LaBr 3 (Ce) detector. The response function of the LaBr 3 (Ce) detector to the LCS γ rays was reproduced with a GEANT4 simulation code implemented with the kinematics of the laser inverse Compton scattering to obtain the energy distribution of the γ -ray beam. The energy spread of the LCS γ -ray beam with a low-energy tail was 1%-2% in full width at half maximum (see Figs. 4 and 5 of [3] ). Details of the GEANT4 simulation will be given in a forthcoming paper [21] , where also a more in-depth description of the experimental setup can be found.
Samples of [143] [144] [145] [146] 148 Nd enriched to 90.85%-98.07% all in the oxide form of Nd 2 O 3 with areal densities of 1.35-2.78 g/cm 2 were encapsulated in pure-aluminum containers and irradiated with LCS γ -ray beams. The samples were dehydrated by baking at temperatures up to 393
• C for 4 h in vacuum before being placed inside the aluminum containers. The sample masses were determined by weighing the containers before and after the filling.
The γ -rays flux was determined by the pile-up method of Ref. [22] after detecting the beam with a 6 × 5 NaI(Tl) detector mounted at the end of the beamline. Typically 20% corrections were made for the transmission rate of the LCS γ rays through the NaI(Tl) detector.
Neutrons were detected with a high-efficiency 4π neutron detector consisting of 20 3 He proportional counters embedded in a polyethylene moderator of 36 × 36 × 50 cm 3 fully covered by additional 5-cm-thick polyethylene plates with 1-mm-thick cadmium for background neutron suppression. Neutrons were moderated in the polyethylene before being detected with three rings of 4, 8, and 8 3 He counters placed at distances of 3.8, 7.0, and 10.0 cm, respectively from the γ -ray beam axis. The average neutron energy was determined by the so-called ring-ratio technique originally developed by Berman and Fultz [23] . The total neutron detection efficiency is more than 60% for neutrons with energies less than 1 MeV. More details of the neutron detection can be found in Ref. [24] . Neutron detection efficiencies of the three rings were remeasured after the present experiment using a calibrated 252 Cf source with an emission rate of 2.27 × 10 4 s −1 with 2.2% uncertainty at the National Metrology Institute of Japan. The measurement excellently reproduced the results obtained at the same institute in 2006.
Photoneutron cross sections are deduced with the Taylor expansion method [25] , which takes into account the energy spread of the LCS γ -ray beam. Corrections were also made for the contributions to the cross section coming from the isotopic impurities in the Nd samples. The correction remains small, being 1%-7% for the energy spread of the highly monochromatic LCS γ -ray beam and 2% even for the isotopic impurities of the less-enriched (90.85% and 91.73%) 143, 145 Nd samples. The systematic uncertainty of the present cross sections is 4.4% with the breakdown of 3% in the photon flux and 3.2% in the neutron detection efficiency.
Our photoneutron cross sections are compared in Fig. 2 Comparison between the present photoneutron emission cross sections and previously measured ones [26] for [143] [144] [145] [146] 148 Nd. Also included are the predictions from Skyrme HFB + QRPA (based on the BSk7 interaction) [32] and axially deformed Gogny HFB + QRPA models (based on the D1M interaction) [34] .
III. THEORETICAL ANALYSIS

A. Photoneutron cross sections
Our new photoneutron cross sections shown in Fig. 2 have been compared to theoretical calculations obtained with the TALYS nuclear reaction code [30, 31] and two different models of the γ SF, namely, the Skyrme Hartree-FockBogoliubov (HFB) plus quasi-particle random phase approximation (QRPA) model [32] based on the BSk7 interaction and the axially symmetric deformed Gogny HFB plus QRPA model [33] [34] [35] based on the D1M interaction [36] . The BSk7+QRPA model introduces phenomenological corrections to take the damping of the collective motion as well as the deformation effects into account. (Note, however, that deformation parameters are consistently extracted from the HFB-7 mass model based on the BSk7 Skyrme functional [37] .) In contrast, the D1M + QRPA model allows for a consistent description of axially symmetric deformations and includes phenomenologically the impact of multiparticle-multihole configurations as a function of their densities [34] . Both models have proven their capacity to reproduce experimental photoabsorption data relatively well.
As seen in Fig. 2 , cross sections around the neutron threshold are rather well described by the D1M + QRPA model, although some deviations can be seen. The agreement around the neutron threshold is rather satisfactory and there is no reason to invoke the presence of extra low-lying strength from the present data, at least in the vicinity of the neutron threshold, as seen in some previous photodata [11, 15, 16, 38] . In contrast, larger deviations are seen for the predictions obtained with the BSk7 + QRPA strength, in particular around 11 MeV, but also at lower energies in the 145,146 Nd cases.
B. Radiative neutron capture cross sections
We now turn to the reverse radiative neutron capture channel. It should be kept in mind that the corresponding cross section for incident keV neutrons depends sensitively on the γ SF, but in a rather lower energy range below the neutron threshold, typically around 6 MeV of γ -ray energy. The predicted tail of the γ SF at low energies therefore plays a fundamental role.
On the basis of the Gogny HFB plus QRPA γ -ray strength [34] , the reverse radiative neutron capture cross sections are now estimated with the TALYS reaction code [30, 31] for the stable and experimentally known [142] [143] [144] [145] [146] 148 Nd isotopes and compared with experimental cross sections in Fig. 3 . In addition to the E1 strength function, the cross section calculation also depends on the adopted nuclear level density. We have used here the temperature-dependent HFB plus combinatorial model [39] normalized to the experimental s-wave spacing D 0 values at the neutron binding energy [14] . Note that experimental s-wave spacings are available, so uncertainties related to the adopted NLD model are rather small, typically 10%, as shown in Fig. 3 , where the hashed areas correspond to uncertainties on experimental D 0 values. Similarly, the uncertainties related to the adopted neutron optical potential are negligible in the energy range of astrophysical interest, i.e., in the keV-MeV region.
Based on the radiative neutron capture cross section, the laboratory (i.e., without including the contribution of excited states) Maxwellian-averaged cross sections (MACS) have been estimated and compared with experimental data at an energy of kT = 30 keV in Table I It should however be stressed that the MACS [42, 43] have been measured relative to the radiative neutron capture cross section of 197 Au, which has been recently re-evaluated and found to deviate systematically by more than 5% from the cross section that is recommended as a reference for astrophysical applications [51] .
As a conclusion, the TALYS calculation agrees well with the most recent experimental data for all six stable Nd isotopes, which shows that, within the uncertainties affecting the experimental γ SF and D 0 value, all γ SF data are compatible with both the photoabsorption above the threshold and the radiative capture channels below the threshold.
C. Determination of the 147 Nd(n,γ ) 148 Nd cross section
The γ SF method can now be applied to the experimentally unknown cross section 147 Nd(n,γ ) 148 Nd by making use of the same nuclear inputs. In the case of 148 Nd, experimental information exists on the resonance spacing at the neutron binding energy, namely, D 0 = 4.0 ± 1.5 eV [14] . The 40% error on D 0 corresponds to the major uncertainty still affecting the prediction of the 147 Nd(n,γ ) 148 Nd cross section, giving rise to a range of predicted cross sections within typically 20%-30%, as shown in Fig. 4 . The ENDF/B-VII.1 evaluation [52] is seen to be in relatively good agreement with our estimate, but the ROSFOND-2010 evaluation [53] gives rather lower cross sections above typically a few keV and the JENDL-4.0 evaluation [54] gives larger values above typically 100 keV. The resulting MACS of astrophysical interest are shown in Fig. 5 and compared with the theoretical determination recommended in Ref. [55] . Our MACS (and, consequently, also the ENDF/B-VII.1 and JENDL-4.0 ones) are found to be significantly larger than those of the previous recommendation [55] . In particular, at 30 keV, our cross section amounts to 880 ± 170 mb, to be compared with 544 ± 90 mb recommended in Ref. [55] and theoretical values ranging between 387 and 663 mb from various statistical model calculations and compiled in the KADONIS library [56] .
IV. APPLICATION TO s-PROCESS NUCLEOSYNTHESIS IN AGB STARS
Even though the observation of radioactive Tc in stellar envelopes [57] clearly proves that the s-process takes place during the hydrostatic burning phases of a star, it remains difficult to explain the origin of the large neutron concentrations required to produce s elements. Two nuclear reactions are suggested as possible neutron sources, i.e., 13 C(α,n) 16 O and 22 Ne(α,n) 25 Mg. These reactions could be responsible for a large production of neutrons during the 147 Nd(n, ) 148 Nd 10 given burning phases, namely, the core He-burning of massive stars (heavier than 10M ) and the shell He-burning during the thermal AGB instabilities (thermal pulses) of low-and intermediate-mass stars (<10M ) [1, 58] . The core He-burning of solar-metallicity stars has proved its ability to produce the lightest s elements (i.e., 70 A 90), but since 22 Ne is a secondary source, the efficiency remains identical for metal-poor stars. The astrophysical models underlying the thermal pulse scenario (believed to be responsible for the production of the A > 90 s elements) remain quite uncertain in many respects, in particular in the description of the mixing mechanisms that could be at the origin of the neutron production. AGB models including diffusive overshoot or rotational effects suggest the partial mixing of protons (PMP) from the H-rich envelope into the C-rich layers during the third dredge-up [59] [60] [61] . In low-mass AGB stars of typically 1 to 3M , this PMP model has been successful in explaining the main and strong components of the s-process, including the production of Nd and Sm isotopes. In more massive AGB stars, such an s-process during the interpulse might be inhibited due to the high temperatures encountered at the base of the convective envelope and the resulting combustion of protons during the partial mixing [62] ; the large temperatures can however lead to a significant neutron irradiation within the convective thermal pulse due to the activation of the 22 Ne(α,n) 25 Mg reaction [63] . Based on measured Maxwellian-averaged neutron capture cross sections of the stable Nd nuclei, the production of Nd and Sm isotopes by the s-process has already been studied in detail [8, 42, 43, 64] . Our new estimation of the 147 Nd(n,γ ) 148 Nd cross section may however affect the sprocess production of the sr nucleus 148 Nd and the s-only 148 Sm. To illustrate the impact of the newly determined MACS, 015808-5 nucleosynthesis calculations have been performed within the PMP model [61] in 3M AGB model stars for three different metallicities, namely, Z = Z = 0.0123, Z = 0.004, and Z = 0.0001 [65] . Our upper value for the 147 Nd(n,γ ) 148 Nd cross section, which is about twice as large as the one quoted in the widely used compilation of Ref. [55] , leads to a larger production of 148 Nd by 40% and a corresponding reduction in 148 Sm production by about 10%. The final surface overabundances for the low-metallicity Z = 0.0001 star are illustrated in Fig. 6 148 Sm)/X ( 148 Sm)] = −0.24 (where X is the mass fraction), while the previously used rate [55] gives −0.47. In other words, in low-metallicity stars, 148 Nd can be relatively produced with respect to the s-only nucleus 148 Sm, but also production could be significantly greater with our new upper limit, as seen in Fig. 6 . In the case of the Z = 0.004 and Z = Z model stars, we find a significantly lower production of 148 Nd with respect to 148 Sm, namely, [ 148 Nd/ 148 Sm] = −0.46 and −0.64, respectively, with our rate and −0.68 and −0.82, respectively, with the low rate of Ref. [55] .
V. CONCLUSIONS
The γ SF method has been applied to the Nd isotopic chain in order to determine the radiative neutron capture cross section of the unstable 147 Nd isotope of astrophysical interest. Based on an extensive analysis of five newly measured photoneutron cross sections and the inverse radiative neutron capture cross sections, the nuclear reaction ingredients have been constrained, leading to a final 147 Nd(n,γ ) 148 Nd cross section about 60% larger than the unconstrained value adopted in nucleosynthesis calculations. Our new rate determination leads to an increase of 148 Nd production and a decrease of the s-only 148 Sm abundance by the s-process in AGB stars.
